Ocean acidification and kelp development: Reduced pH has no negative effects on meiospore germination and gametophyte development of Macrocystis pyrifera and Undaria pinnatifida 
INTRODUCTION
Marine fleshy (non-calcifying) macroalgae are important components of coastal environments due to their high productivity and ecological function as ecosystem engineers, a source of food to higher trophic levels and refuge providers (Dayton 1985 , Graham et al. 2007 , Hurd et al. 2014 . Macroalgal cells fix CO 2 using RuBisCO but due to its low affinity for CO 2 (Raven 1997 , Giordano et al. 2005 , most macroalgae have developed carbon
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concentrating mechanisms (CCMs). In macroalgae with a CCM, HCO 3 -can be actively taken across the cell membrane, through a plasmalemma-located anion exchange protein, and subsequently converted to CO 2 by the enzyme carbonic anhydrase (CA) within the cell and/or HCO 3 -can be dehydrated to CO 2 by an external CA and the CO 2 can be actively or passively transported into the cell (Giordano et al. 2005 , Raven et al. 2008 , Fernández et al. 2014 . A number of macroalgae lack a CCM and depend on passive diffusion of CO 2 which does not involve energy costs (Raven et al. 2005 , Cornwall et al. 2015 . Accordingly, the 200% increase in CO 2(aq) associated with the predicted OA (Koch et al. 2013 ) may have positive effects on fleshy macroalgae because the energy cost for photosynthesis might be reduced (Raven 1997 , Kroeker et al. 2013 . However, the decrease in seawater pH that is associated with an increase of 151% in [H + ] by 2100 (Guinotte and Fabry 2008) may have negative impacts on cellular metabolism (Roleda et al. 2012a , Taylor et al. 2012 , which may affect the physiology, growth and development of macroalgae (Gail 1919 , Sorokin 1962a , 1962b , Roleda et al. 2012a ).
Aside from OA-mediated changes in seawater carbonate chemistry, macroalgal populations are themselves able to modify the pH and carbonate chemistry of the surrounding seawater due to photosynthesis and respiration which increases and decreases the seawater pH, respectively (Delille et al. 2000 , Hofmann et al. 2011 , Cornwall et al. 2013 , KrauseJensen et al. 2015 , Roleda et al. 2015 . For instance, in situ pH measurements inside forests of the kelp Macrocystis pyrifera (Linnaeus) C.Agardh indicate that seawater pH can fluctuate between ~7.7 at night-time and ~9.1 during the day-time (Delille et al. 2000 , Hofmann et al. 2011 , Cornwall et al. 2013 . The lowest proximate seawater pH associated with the natural pH fluctuation is comparable to that predicted due to OA. However, exposure to persistent reduced pH under future OA may compromise the physiological tolerance of macroalgal
communities (Wernberg et al. 2011 , Kroeker et al. 2013 , Roleda et al. 2015 by affecting the development of their early life history stages (Roleda et al. 2012a , 2015 , Gaitán-Espitia et al. 2014 ).
Climate change-related environmental factors such as temperature, light/UVR and oceanic pH have been proposed to facilitate the establishment of invasive species in marine coastal environments (Wernberg et al. 2011) . For example, the invasive red macroalga
Gracilaria vermiculophylla (Ohmi) Papenfuss has successfully colonized most of the coastal areas of Europe as far north as Sweden and Norway since its introduction from Japan due to its wide tolerance to changes in salinity, temperature and light (Nejrup and Pedersen 2010, Roleda et al. 2012b ). In addition, the early life history stages of Mastocarpus stellatus Stackhouse (Guiry), a species accidentally introduced from Iceland to Helgoland, Germany, were more tolerant to an environmental stress factor (i.e., UVR) compared to those of the native Chondrus crispus Stackhouse (Roleda et al. 2004 ). The successful colonization of early life history stages of invasive macroalgae on natural and artificial substrata might lead to a change in the abundance, biomass and productivity of native species through competition (e.g., space monopolization), thereby affecting trophic dynamics and ecosystem biodiversity (Bax et al. 2003 , Casas et al. 2004 , Schaffelke and Hewitt 2007 , Jiménez et al. 2015 .
There are fewer studies addressing the response of macroalgae to climate change (22%) compared to other organisms such as benthic invertebrates (75%; Wernberg et al. 2012 ). Moreover, these macroalgal studies focused on the macroscopic adult stages which have been reported to be less sensitive to environmental stress compared to their respective microscopic early life history stages. For example, comparative responses between different macroalgal life history stages showed that early stages are more sensitive to high PAR and UVR (Roleda et al. 2004 , 2009 , 2012b , Fredersdorf et al. 2009 , and low temperature and high trace metal concentration (e.g., copper; Nielsen et al. 2014) than the later developmental
stages. In this regard, the survival of early life stages is important because non-completion of the life cycle will have a flow on effects on the adult population and ecosystem dynamics and function (Reed and Foster 1984 , Dayton 1985 , Dean et al. 1989 , Buschmann et al. 2006 ).
This study focuses on two ecologically important kelp species belonging to the order Laminariales, the giant M. pyrifera and the invasive kelp Undaria pinnatifida. Macrocystis pyrifera is a dominant species in the Pacific Ocean coasts of northern and southern America and sub-Antarctic islands (Hay 1990a , Graham et al. 2007 . Undaria pinnatifida (Harvey)
Suringar is native to northeast Asia but has spread to coastal areas of Europe, Australia, New
Zealand and America, where its populations are now well established (Pérez et al. 1981 , Hay 1990b , Sanderson 1990 , Minchin and Nunn 2014 . In Europe, U. pinnatifida is listed as one of the top 10 invasive species (Gallardo 2014), colonizing artificial substrates in harbours along southern coast of England (Arenas et al. 2006) . In New Zealand, M. pyrifera is a native species and co-habits with U. pinnatifida in coastal areas in the South and North Islands (Pérez et al. 1981 , Hay et al. 1985 , Hay 1990a , 1990b , Sanderson 1990 , Minchin and Nunn 2014 
germinate and develop into haploid male or female gametophytes which produce sperm and egg, respectively. Fertilization produces the zygote that develops into the diploid macroscopic sporophyte (Bartsch et al. 2008 , Leal et al. 2014 . In terms of carbon physiology, both kelp species have a CCM and are able to use CO 2 and HCO 3 - (Zhang et al. 2006 , Fernández et al. 2014 ) which suggests that their physiology will not be substantially affected by future elevated CO 2(aq) concentrations (Koch et al. 2013 , Fernández et al. 2015 .
The effects of a range of seawater pH from extremely reduced pH 7.20 to pre- Seawater pH measurements. The seawater pH during the experiment was measured as pH T at 12°C using a pH electrode (Orion ROSS Sure-Flow semi-micro, ORI8175BNWPW)
connected to a pH meter (Thermo Scientific Orion 720A pH/ION Meter). The electrode slope was determined using temperature equilibrated pH 7 and pH 9 buffers (colour coded, NIST traceable). A TRIS buffer, which was standardized against a seawater buffer was then used to measure pH on the total scale. Seawater samples representing the four pH T treatments were collected and fixed with mercuric chloride for determining carbonate chemistry. AT was measured using the closed-cell titration method and DIC was measured directly by acidifying
the sample (Dickson et al. 2007) . AT, DIC, pH, salinity and temperature were used to calculate seawater carbonate chemistry parameters (Table 1) Effect of seawater pH on meiospore germination and development. Meiospore release and cultivation was performed according to Leal et al. (2014) with modifications. At least one-2 cm 2 disc of mature sorus per sporophyll was excised from the M. pyrifera (10 individuals × 5-12 sporophylls) using a cork borer while the whole wing sporophylls of U.
pinnatifida (10 individuals, 21 ± 6.0 cm long × 6 ± 1.5 cm width sporophyll) were dissected using a scalpel. Due to the extent of experimental work, for each species, a subsample of excised sorus from each sporophyte was pooled (total of 50 g of sori) to perform meiospore release under each of the four pH T treatments (7.20, 7.65, 8.01 and 8.40 ). Sori were immersed for 15 min and removed to obtain stock meiospore suspensions representing 10 sporophytes per seawater pH T level. Initial meiospore density released per seawater pH T level was calculated using a 0.1 mm depth-haemocytometer (Neubauer improved bright-line, Marienfeld, Germany), then equally adjusted to 25,000 cell · mL -1 and separately dispensed onto each compartment (final volume = 12 mL) of six-well polystyrene tissue culture vessels (Costar 3516; Corning Inc., New York, USA) containing seawater with the corresponding pH T treatment (n = 6 independent replicates per pH T treatment). Meiospores were allowed to settle for 3 h. Then, the culture medium was renewed to eliminate unsettled meiospores and detritus. Throughout the experiment, culture vessels were sealed using a plastic film 
Statistical analyses. Percentage germination and germling growth rate (% · d -1 ) were logit transformed (Warton and Hui 2011) , and the gametophyte sex ratio was rank transformed (Potvin and Roff 1993) to satisfy ANOVA assumptions of normality (Kolgomorov-Smirnow test) and homogeneity of variances (Levene's test). The statistical significance of differences in meiospore germination, germling growth rate and gametophyte size and gametophyte sex ratio between species, seawater pH T treatments and their interaction were tested using the two-way ANOVA (P < 0.05). A post hoc Tukey test (P < 0.05) was applied when significant differences were obtained. The relation between gametophyte size of both kelp species and seawater pH T treatments was fitted using a nonlinear regression model (y = ae -bx ). The software SigmaPlot version 12.0 (Systat Software, Inc., San Jose, CA) was used to run all the statistical analyses.
RESULTS
Meiospore germination. After 5 d, the germination of meiospores in the different seawater pH T treatments ranged from 89 to 93 % and 85 to 93 % for M. pyrifera and U.
pinnatifida, respectively (Fig. 1) . Meiospore germination was not significantly different between kelp species but was significantly higher at reduced pH ( Table 2 ). The effect of seawater pH on meiospore germination did not differ significantly between the two kelp species (Table 2) .
Germling growth rate. After 13 d, the growth rate of germlings in the different seawater pH T treatments ranged from 17 to 22 % · d -1 and 15 to 20 % · d -1 for M. pyrifera and U. pinnatifida, respectively (Fig. 2) . Germling growth rate was significantly faster for M.
pyrifera than to U. pinnatifida (Table 2 ). Germling growth rates under reduced seawater pH
Accepted Article Accepted Article
were significantly faster for M. pyrifera compared to U. pinnatifida (Table 2 ) and the significantly different subgroups are denoted by different letters in Fig. 2 (Fig. 3a) . Male gametophyte size did not differ significantly between kelp species but was significantly higher at reduced seawater pH T treatments ( Table 2 ). The effects of seawater pH T on male gametophyte size did not differ significantly between the two kelp species (Table 2) .
Female gametophyte size ranged from 279 to 449 µm 2 and from 253 to 437 µm 2 for M. pyrifera and U. pinnatifida, respectively (Fig. 3b) . Female gametophytes were significantly larger for M. pyrifera compared to U. pinnatifida, and were also larger at reduced seawater pH T (Table 2 ). Female gametophyte of M. pyrifera were significantly larger under reduced seawater pH T compared to U. pinnatifida (Table 2) . Significantly different subgroups are denoted by different letters in Fig. 3b (Tukey, P < 0.05).
Non-linear regression analysis showed that male and female gametophyte size of both kelp species significantly and exponentially decreased with increasing seawater pH T (Fig. S1 in the Supporting Information). 
Gametophyte sex ratio. pinnatifida, respectively (Fig. 4) . Gametophyte sex ratio did not differ significantly between kelp species but increased with reducing seawater pH T treatments ( Table 2 ). The effects of seawater pH T on gametophyte sex ratio did not differ significantly between the two kelp species (Table 2) . , that is higher under OA on cellular membrane integrity and cellular processes remains to be investigated. In microalgae, low pH was reported to inhibit cell division (Sorokin 1962b (Sorokin , 1964 , but this was not the case in the early life history stages of kelps where meiospores successfully undergo cell division and developed into gametophytes (Roleda et al. 2012a , this study).
This article is protected by copyright. All rights reserved. Changes in pH of the proximate seawater can also indicate the DIC source that is being taken up by the algal cell (Gail 1919 , Roleda et al. 2012a , Fernández et al. 2015 . In the closed culture system used in this experiment, DIC uptake (most likely CO 2 ) and photosynthesis by the microscopic stages of M. pyrifera and U. pinnatifida following 12 h of light induced a pH T increase in the culture medium. The magnitude of the increase of seawater pH T was greatest (by 0.5 pH units) in the pH T 7.20 treatment after day 7 compared to the first 5 d, for both kelp species. Likewise, highest germling growth rate and gametophyte size of both kelp species were observed under this that pH T treatment. This
This article is protected by copyright. All rights reserved. strongly suggests that the higher photosynthetic rates under reduced seawater pH T produce bigger germlings and gametophytes in a high CO 2(aq) culture medium
The earliest oxygenic eukaryotic algae may have evolved 2 billion years ago (i.e., early Proterozoic), when atmospheric CO 2 concentrations were around 100-fold higher than in the present-day and O 2 concentrations were close to zero (Falkowski and Raven 1997, Beardall and Raven 2004) . It has been proposed that the evolution of RuBisCO was favored In natural populations, under favourable environmental conditions, sex ratios are often present in equal proportions (i.e., 0.5 = 1 male: 1 female; Uller et al. 2007 ). In the present study, however, the formation of more female than male gametophytes (sex ratio < 0.5) was observed in both M. pyrifera and U. pinnatifida under all pH T treatments (except for U.
pinnatifida gametophytes at pH T 7.65 where sex ratio was 0.5). These findings are opposite to those of Roleda et al. (2012a) who found for a nearby population of M. pyrifera a sex ratio
slightly biased towards males (> 0.5) under OA (pH 7.61 and 7.86) and ambient (pH 8.19) conditions. These differences may be related to the season when sampling was performed:
autumn (present study) and summer (Roleda et al. 2012a ) because, although sex ratio in kelp species is mainly controlled by chromosomes, the interaction between genetic and temperature can modulate the expression of sex (Bartsch et al. 2008 , Oppliger et al. 2011 .
For instance, the number of male gametophytes increased with low temperature and 
2015) but when the OA interacted with temperature (3°C higher) a significant increase in both response variables were observed (Brown et al. 2014 
This article is protected by copyright. All rights reserved. 2003 , 2004 , Schiel and Thompson 2012 . In addition, U. pinnatifida has a broad range of thermal tolerance (0.1 -15°C) and, therefore, its global distribution is projected to increase in a future 4°C-warmer ocean (James et al. 2015) . Although no differences in microscopic stage development between M. pyrifera and U. pinnatifida were detected in response to OA in this study, there is a clear need for future competition experiments, in which the meiospores of both species are grown together under climate change drivers (independent and multipledriver experiments) where their development (germination, growth and gametogenesis) is followed.
For both the native M. pyrifera and the invasive U. pinnatifida, germination was insensitive to the seawater pH T treatments, suggesting that meiospores do not depend on external DIC concentrations but mainly on internal carbon reserves to support metabolism during germination. The positive effect of OA on germling growth rate and gametophyte (male and female) size for both species suggest that the greater availability of CO2(aq) supported higher (albeit non-significant) rates of photosynthesis and growth in these developmental stages as observed in adult sporophyte blades (Fernández et al. 2015) . In contrast, the negative effect of pre-industrial pH on gametophyte size of both kelp species indicate a higher energetic cost when using HCO 3 -as DIC source which requires enzymatic reactions to dehydrate HCO 3 -to CO 2 to compensate for the lower CO 2(aq) availability at seawater pH T 8.40. Finally, we demonstrate that the native M. pyrifera and the invasive U.
pinnatifida have similar response to seawater pH, indicating that the invasive kelp will not have a competitive advantage in a projected acidified ocean. However, further studies on carbon physiology, specifically on the presence and role of different isozymes of CA (e.g.,
This article is protected by copyright. All rights reserved. (Tukey, P < 0.05) according to the independent factor pH T treatment ( Table 2 ). Note that yaxis start at 50%. (pH T 7.20, 7.65, 8.01 and 8.40) . Bars represent mean ± SD (n = 6). Different letters indicate a significant difference between subgroups (Tukey, P < 0.05) according to the independent factor species and to the two-way interaction species × pH T treatment, for male and female gametophyte size, respectively (Table 2) .
This article is protected by copyright. All rights reserved. Measurements were performed every 12 h in dark (D) and light (L) conditions before culture medium renewal. The meiospores germinated into 'germlings' (i.e., sexually undifferentiated gametophytes) on day 5, and sexual differentiation of gametophytes was apparent on day 15. Symbols represent mean ± SD (n = 6). Note that the y-axis scales are different between pH T treatments.
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